Introduction
Ultrasonic detection of molecular markers of cardiovascular disease using acoustically active particles offers the potential for real time in vivo imaging of function-specific, subcellular components of cardiovascular disease with clinically available imaging systems. Molecular imaging with ultrasound utilizes intravascular delivery of microparticles (contrast agents) that are targeted to bind to disease-specific epitopes expressed by endothelial cells. Binding of the contrast agent to the endothelium after systemic injection occurs by virtue of targeting ligands on the microparticle surface which confer specific binding to the endothelial target. In the presence of ultrasound, these bound particles emit an acoustic signal which can be detected as a persistent contrast effect on a two dimensional ultrasound image.
The possibility of molecular imaging using ultrasound is substantiated by a growing body of literature demonstrating proof of concept in vitro and in clinically relevant animal models of disease, lending support to the notion that the "bench to imaging" translation of this technology will be possible in the near future. This purpose of this review is to summarize experimental work in the field of ultrasound molecular imaging, with an emphasis on data that positions this technology to move into clinical application. Properties of ultrasound contrast agents and the principles that govern their detection with ultrasound imaging systems will first be reviewed. Studies proving that ultrasound molecular imaging is possible in vivo will be presented, and finally, a perspective on the requirements for ultimately achieving clinical translation will be discussed.
Properties of ultrasound contrast agents
Numerous ultrasound contrast agent formulations have been reported (1) (2) (3) (4) (5) (6) (7) (8) . All the contrast agents have in common the feature that they are micron-to nano-sized particles which produce an ultrasound signal in response to an ultrasound field. This review focuses on the most studied of these contrast agents, gas-filled microspheres ("microbubbles") measuring 2-4 μm in diameter. Most commonly, the microbubbles are composed of perfluorocarbon or nitrogen gas encapsulated by shells made of phospholipid, albumin, or biodegradable polymers (1, 2, 6, 9) . Because of their size, the microbubbles remain within the intravascular compartment, thus requiring that the molecules being targeted be endoluminal in location.
Other ultrasound contrast agents which are not gas-filled microspheres include liposomes (10) and liquid perfluorocarbon emulsion nanoparticles which exit the microvasculture (4, 11) and may allow acoustic targeting of extravascular markers.
Microbubble detection using clinical ultrasound imaging systems is based on the fact that at the frequencies used by current ultrasound machines, the microbubbles "resonate" or expand and contract in cyclical fashion (12) . At higher acoustic powers, the microbubble oscillations become asymmetric and the microbubbles can be induced to rupture (12) . This "non-linear resonance" renders the microbubbles themselves emitters of ultrasound at frequencies that are different from tissue backscatter, resulting in unique acoustic signals distinguishable from tissue background (13) . Current ultrasound scanning systems exploit the acoustic "signature" of microbubbles to maximize detection of the contrast agents. The systems vary in transmitted ultrasound frequency, pulse waveform, acoustic pressure, and detection frequency, details of which are reviewed elsewhere (13) , but all display the processed microbubble signal as a videointensity increase on the two dimensional image.
Ultrasound contrast agents as red cell tracers: Current clinical applications
The use of ultrasound contrast agents for molecular imaging is an extension of contrast echocardiographic principles and approaches that are already in clinical practice. Nontargeted ultrasound contrast agents are currently used in echocardiography as red blood cell tracers because they have an intravascular rheology similar to red cells (9, 14) . Intravenously injected microbubbles are used to opacify the blood pool to enhance endocardial border definition and facilitate more accurate assessment of left ventricular function in technically difficult echocardiograms (15) . Two gas-filled microsphere ultrasound contrast agents are currently approved for this indication by the Food and Drug Administration (1,9).
Non-targeted contrast agents are also being developed for myocardial tissue perfusion imaging, in which microbubble transit through the intramyocardial microcirculation causes a transient increase in myocardial tissue backscatter during ultrasound imaging. The resulting time vs backscatter data has been shown to correlate with myocardial blood flow measured using radiolabeled microspheres in animal models (6, 16) . Furthermore, the regional distribution of microbubbles co-registers with the regional distribution of myocardial blood flow (6) . Myocardial contrast echocardiography can detect coronary artery disease (17, 18) and myocardial viability (19, 20) after infarction. Several commercial microbubble formulations are in clinical testing for perfusion imaging (21) .
Ultrasound contrast agents as molecular probes: Principles and proof of concept
Molecular imaging with microbubbles utilizes their intravascular location and acoustic responsiveness to specifically interrogate molecular features of the endothelial surface. Unlike freely circulating microbubbles used as red cell tracers, targeted microbubbles are engineered to stick to the endothelial surface using specific ligand-receptor interactions. A targeting ligand is attached to the surface of the microbubble, causing the microbubble to adhere to a specific endothelial epitope ( Figure 1A ). This adhesion manifests in the two dimensional ultrasound image as a videointensity increase in the region where the molecular target is localized, and which persists even after circulating microbubbles have washed out. Alternatively, for inflammation imaging (see below), activated leukocytes can be rendered acoustically active through attachment and phagocytosis of microbubbles. When activated leukocytes with externally attached or internalized microbubbles physiologically adhere to inflamed endothelium, they can be detected with ultrasound as a persistent contrast effect in the region of inflammation ( Figure 1B) .
A number of targeting ligands have been successfully used to prove the concept that microbubbles can bind to specific endothelial epitopes. The first of these were monoclonal antibodies direct towards intercellular adhesion molecule -1 (ICAM1), a leukocyte adhesion molecular upregulated by activated endothelial cells. These antibodies were attached to the surface of lipid coated perfluorbutane gas-filled microbubbles and found to adhere to cultured human coronary artery endothelial cells overexpressing ICAM1 (Figure 2 ) (22) . More recently, other targeting moieties have been evaluated, including peptides sequences (23) (24) (25) (26) and naturally occurring ligands for the given receptor, including carbohydrates or proteins (27) (28) (29) . Adhesion of targeted microbubbles is affected by shear stress levels at the vessel wall and receptor density on the endothelial cell (30) (31) (32) . Ligand density on the microbubbles, ligand-receptor bond affinity, the conformational presentation of the ligand to the receptor, and microbubble shell deformability, are properties that affect net microbubble adhesion and which pose opportunities for optimization of microbubble design (7, 30, (33) (34) (35) .
In addition to surface modification of microbubbles so that they present specific targeting ligands to endothelium, leukocytes themselves can become the ultrasound imaging probe by attachment to and ingestion of microbubbles in the setting of inflammation (36, 37) . It has been shown that activated leukocytes can uptake both lipid and albumin-based microbubbles through complement-and integrin-mediated mechanisms, respectively ( Figure 3 ) (38), and that the microbubbles remain acoustically active even after entry into the leukocyte (37, 39) .
Clinical applications of ultrasound molecular imaging in cardiovascular disease

Inflammatory imaging: Ultrasonic detection of leukocyte adhesion molecules
Leukocyte adhesion molecules are overexpressed by the endothelium of both large arteries as well as the microcirculation in the setting of various cardiovascular diseases (40) . Because of their intravascular location, microbubbles have access to leukocyte adhesion molecules expressed by activated endothelium, a property which forms a basis for the ultrasonic diagnosis of cardiovascular disease associated with inflammation.
Ultrasound detection of microvascular adhesion molecule overexpression can be used to detect the "ischemic memory" of myocardium as a means of determining whether symptoms of chest pain are cardiac or non-cardiac in etiology. In this approach, a microbubble is designed to bind to the adhesion molecule P-selectin, which is overexpressed by endothelium within minutes of ischemia/reperfusion, and which persists even after the ischemic event has resolved (27, 41) . Villanueva et al used a microbubble targeted to bind to P-selectin via the tetrasaccharide sialyl Lewis X , the naturally occurring ligand (27) . The targeted microbubbles or control microbubbles bearing sialyl Lewis C were intravenously administered to rats undergoing transient coronary occlusion followed by reperfusion. Nonlinear ultrasound imaging demonstrated persistent contrast enhancement limited to the risk area, or the region of prior myocardial ischemia ( Figure 4 ). These findings suggest that transthoracic ultrasound imaging utilizing microbubbles that bind to a microvascular endothelial marker of prior ischemia may be useful not only in the etiologic diagnosis of patients presenting with acute or recent chest pain, but also in delineating the extent of myocardium at risk. A similar approach of targeting P-selectin was reported by Lindner and colleagues in which microbubbles with anti-P selectin antibody on the surface were used to ultrasonically image post ischemic inflammation in murine models of transient renal (12) and coronary artery (40) occlusion.
Another application of inflammatory imaging based on leukocyte adhesion molecule overexpression is the detection of acute heart transplant rejection using microbubbles targeted to bind to the ICAM1. Microbubbles with anti-ICAM1 antibodies on their surface were intravenously injected into rats with recent allograft or isograft heterotopic cardiac transplantation, with and without acute rejection, respectively (43) . Intravenous injection of ICAM1 targeted microbubbles caused persistent, diffuse myocardial contrast enhancement during ultraharmonic imaging of allografted, rejecting myocardium, which was not seen after injection of nonsense-targeted microbubbles ( Figure 5 ). Such data suggest that targeted contrast ultrasound could be useful in the non-invasive diagnosis of acute organ transplant rejection using routine two-dimensional echocardiography, thus precluding the requirement for invasive endomyocardial biopsy.
In addition to the molecular interrogation of the microvascular endothelium, ultrasonic probing for leukocyte adhesion molecule overexpression can be attempted in the larger arteries, such as the coronary or carotid arteries. Such an approach may enable detection of inflammatory events associated with early atherogenesis. Atherosclerosis is heralded by endothelial dysfunction, intimal xanthoma, and pathologic intimal thickening, a molecular hallmark of which includes the overexpression of adhesion molecules that mediate leukocyte infiltration of the endothelium (40). The strategies described above for microbubble design and imaging of microvascular leukocyte adhesion molecules can be extended to the preclinical detection of atherosclerotic plaques, and/or atherosclerosis-prone endothelium in larger vessels. The identification of leukocyte adhesion molecules on endothelium of coronary or peripheral arteries could be the basis for early disease detection (before luminal stenoses develop), and serve to mark "vulnerable patients" at risk for atherosclerotic cardiovascular disease even prior to clinical events, and hence needing aggressive primary preventative treatment.
Ultrasound molecular imaging of the larger arteries for plaque characterization and/or risk assessment of lesions and patients as suggested above poses additional challenges not encountered in molecular imaging of the microcirculation. The issues here pertain to the sensitivity for detection of adhered microbubbles and the spatial resolution of the systems used for vascular imaging. With microvascular molecular imaging in the applications described above, the adhered microbubbles are present collectively in relatively high concentration per myocardial tissue mass due to adhesion within a matrix of intramyocardial microvessels imaged together in the ultrasound beam. In contrast, targeted microbubble adhesion to distinct molecular components of atherosclerotic plaque in larger vessels is inherently limited to the two-dimensional plane of the early atherosclerotic lesion, with the net result being fewer microbubbles per tissue mass in the ultrasound beam, and a diminished acoustic signal.
Another important requirement for molecular imaging of larger arteries is the appropriate coupling of the ultrasound imaging frequency with the natural resonance frequency of the microbubble, such that microbubble "harmonics" or non-linear behavior, which enable the detection of the microbubble-specific signal, are elicited. This resonant frequency is fortuitously the frequency used in clinical echocardiography (1-3 MHz), such that molecular imaging of intramyocardial microcirculation is possible in this frequency range. However, for vascular imaging, higher frequencies are required in order to achieve adequate near-field spatial resolution, such as for coronary intravascular ultrasound (IVUS, 30-40 MHz) or surface vascular ultrasound (7-12 MHz). As these frequency ranges are not within the natural resonance frequency of 2 to 4 μm-sized microbubbles, the conventional signal detection strategy for microbubbles is more challenging when they are adhered to endothelium of larger vessels.
Despite these issues, there have been promising developments on the microbubble and imaging system ends which open possibilities for ultrasound molecular imaging of plaque components in larger vessels. Acoustically active lipid particles ("immunoliposomes") conjugated to antibodies against ICAM1, vascular cell adhesion molecule (VCAM), fibrinogen, fibrin, and tissue factor increased ultrasound backscatter from atheromatous endothelium during IVUS imaging in a porcine model of atherosclerosis (10) . Due to the considerations cited above, however, the signal to noise ratio of this approach has been a limitation, as has the requirement for direct intra-arterial injection to achieve adequate particle adhesion.
Recently, more robust acoustic detection of early atherosclerosis was reported using contrast agents targeted to adhesion molecules and non-linear high frequency ultrasound imaging of a spectrum of early lesions in apo-E deficient vs. wild type mice fed chow vs. hypercholesterolemic diets (44) . Microscopically confirmed aortic adhesion of intravenously injected lipid microbubbles bearing anti-VCAM antibodies was accompanied by persistent ultrasound contrast enhancement of the aorta (Figure 6 ). Additionally, the degree of videointensity change was related to the extent of plaque formation, suggesting that VCAMtargeted microbubbles can both detect and quantify inflammation in early atherosclerosis. These data prove the concept that leukocyte adhesion molecule detection by ultrasound is possible in large arteries with early atheroma. Extension of this approach, for example, to carotid imaging in clinical populations could ultimately allow in vivo, in situ detection of biomarkers of cardiovascular risk, although such an approach remains to be tested.
Inflammatory imaging: Ultrasonic detection of activated leukocytes
The ability of leukocytes to internalize microbubbles and the retention of acoustic activity after microbubble phagocytosis (36, 37, 39) have been utilized to detect post-ischemic tissue in ischemia-reperfusion models, in which leukocyte activation are prominent features. Lipid microbubbles augmented with phosphatidyl serine to facilitate complement-mediated interactions between the microbubble and leukocytes were intravenously injected into canines undergoing transient coronary occlusion of sufficient duration to cause infarction, followed by reperfusion (45) . During reperfusion, persistent contrast enhancement was noted in the risk area, and co-localized with the distribution of activated leukocytes ( Figure  7 ). These data suggest when there is intense leukocyte activation, inflammatory imaging with ultrasound can be performed without the requirement for coupling of a targeting ligand to the microbubble.
Angiogenesis imaging
Ultrasound molecular imaging has the potential for assessing the efficacy of therapeutic angiogenesis. Clinical trials of therapeutic angiogenesis in patients with ischemic heart disease have demonstrated less robust results than were predicted based on animal studies, when traditional clinical metrics such as exercise tolerance and nuclear SPECT imaging have been used to gauge therapeutic response (46) . It has been suggested that a molecular angiogenesis marker could provide a useful, more sensitive measure for identifying a biological effect in patients undergoing therapeutic angiogenesis (46) . Microbubbles targeted to α v β 3 integrins via have been peptides or to vascular endothelial growth factor (VEGF) receptors via VEGF 121 reported to identify angiogenic microcirculation in animal models of tumor-or growth factor-mediated angiogenesis (24) (25) (26) 28) . A tripeptide sequence (arginine-arginine-leucine, RRL), identified with a bacterial peptide display library panned against squamous cell tumor-derived endothelial cells was attached to a microbubble and shown to adhere specifically to angiogenic tumor endothelium (Figure 8 ) in nude mice with experimentally created sarcoma and prostate tumors (23) . In a rat model of malignant glioma, microbubble targeting to α v β 3 integrins via the peptide echistatin enabled identification and tracking of the time course of tumor angiogenesis (26) . Such concepts can be extended to echocardiographic imaging for myocardial angiogenesis in response to therapeutic interventions, and may provide a rational basis for tailoring such therapies to patients who demonstrate the most robust response based on molecular imaging data.
Future directions
The concept that targeted ultrasound contrast agents designed to adhere to endothelial epitopes can be detected with ultrasound scanning systems that are already clinically available has clearly been established. Contrast echocardiography using standard, nontargeted microbubbles has already been used in myocardial applications whereby the intramyocardial microvasculare is the compartment that is interrogated. As such, the strategies for molecular imaging with ultrasound were developed initially in models of microvascular disease, such as tissue inflammation following ischemia and during heart transplant rejection, and with angiogenesis. Nonetheless, extension of this technology to the evaluation of the molecular markers of disease in larger vessels also appears to be feasible. The non-invasive nature of ultrasound technology, the lack of radioisotope requirement, and the portability and widespread availability of ultrasound machines compared to nuclear or magnetic scanners, render ultrasound molecular imaging clinically appealing.
The studies discussed above affirm that molecular imaging with ultrasound is possible in animal models of disease. Collaborative efforts from multiple disciplines to address several critical challenges will be required to successfully navigate the transition from the experimental laboratory to the patient bedside. Improvement in signal to noise ratio is one of the core challenges, and will require enhancements in the contrast agent itself (microbubble chemistry) as well in the mechanisms to manipulate and detect the agent (transducers, imaging systems). Optimization of microbubble design and formulation are needed to increase adhesion to the target in order to maximize the signal. Such an effort requires identification of physiologically and clinically appropriate, "image friendly" endothelial targets (high expression). In addition, there is a need to identify strongly binding targeting ligands which can be chemically coupled to the contrast agent without altering binding properties, and which will confer specific, persistent microbubble adhesion. The design of a microbubble with "ideal" binding characteristics, including configuration of relative proportions of ligands if multi-targeting agents are synthesized, requires a combination of kinetic modeling and iterative empiric testing to yield results in the most efficient manner. Such efforts at contrast agent optimization may also include creation of new "non-bubble" contrast agents (4,10,11) or acoustically active modified microbubble formulations (7) . Ultrasound manipulation of microbubble kinetics through use of acoustic radiation force to "push" microbubbles to their target may be another approach to increasing microbubble binding events (47) .
In addition, strategies for microbubble detection need to be optimized specifically for molecular imaging applications, in which relatively small numbers of adhered bubbles must be detected above and beyond background tissue noise and signals from non-adhered microbubbles. The optimal imaging system should operate on a detection strategy that reflects an understanding of distinct acoustic behaviors of adhered microbubbles (48) (49) (50) acquired through systematic optical and acoustic characterization of microbubble formulations under various ultrasound conditions. For coronary or peripheral arterial imaging, microbubble signals must be detectable in the higher frequency range required for intravascular or surface vascular imaging. In addition to new microbubble designs, new transducers would need to be built to detect microbubble resonance at higher frequencies. Recently, a "harmonic" IVUS transducer was designed which can detect adventitial contrast-enhanced adventitial vasa vasorum in atherosclerotic rabbit aortas (51) . If IVUS approaches to detect non-linear microbubble behavior prove to be robust, and if microbubbles can be developed to bind to markers of plaque vulnerability, then there is even the exciting possibility of differentiating rupture risk, and hence customizing treatment, among non-occlusive plaques identified at the time of coronary angiography.
Conclusions
Our increasing insight of the mechanisms of disease on a sub-cellular level has created a need to visualize sub-cellular events in clinical populations in order for treatment paradigms to advance. The evolution of molecular imaging illustrates the contemporary challenges of moving novel diagnostic technologies from robust laboratory proof of concept to clinical demonstration of feasibility and efficacy in an era of molecular medicine. As with other molecular imaging strategies being developed for patient use, ultrasound molecular imaging inherently commands that a well orchestrated, multidisciplinary effort be entrained to successfully move this technology from the bench to the clinical arena. In vitro studies demonstrating proof of the concept that microbubbles can adhere to a biological surface via a specific targeting ligand. Fluorescent microbubbles (green) were conjugated to either non-specific IgG (control) or to antibody directed against intercellular adhesion molecule 1 (ICAM1) and allowed dwell with cultured human coronary artery endothelial cells (ECs, F-actin labeled with rhodamine, red). Control microbubbles did not adhere to cells at baseline (A) or after endothelial activation to overexpress ICAM1 (B). Anti-ICAM1 microbubbles adhered minimally to non-activated cells due to constitutive expression of ICAM1 (C), and adhered abundantly to activated endothelial cells (D). Panel E is a higher power image of a single activated cell to which multiple ICAM1-targeted microbubbles have adhered. Reprinted with permission from Ref 22 Ischemic memory imaging of myocardium using microbubbles targeted to bind to P-selectin in a rat model of 15 minute coronary occlusion/reperfusion. Short axis ultrasound images of left ventricular myocardium at mid-papillary muscle level are background subtracted, colorcoded frames in which shades of red, progressing to orange, yellow, and white, indicate increasing contrast change. A. During coronary occlusion, there is a contrast defect corresponding to the risk area (region between arrows). B. After release of the coronary occlusion, myocardial contrast echo perfusion imaging with non-targeted lipid bubbles confirms reperfusion to the anterior wall. C. Post-mortem staining with triphenyl tetrazolium chloride (TTC) shows no infarction. D. During reperfusion, imaging after intravenous injection of non-targeted lipid bubbles bearing sialyl Lewis c as the control ligand, shows no evidence of persistent myocardial contrast enhancement. E. During reperfusion, imaging after intravenous injection of microbubbles targeted to P-selectin via sialyl Lewis x demonstrates persistent contrast enhancement in the area that was previously ischemic. Detection of acute heart transplant rejection using ultrasound imaging of ICAM1 in rats with abdominal heterotopic heart transplantation. A. Each animal was separately administered microbubbles with anti-ICAM1 antibody (MB ICAM , left panels) or isotope control nonspecific IgG (MB CTL , right panels) on their surface. In the rejecting allografts (upper panels), MB ICAM caused persistent contrast enhancement not seen after injection of MB CTL . In the non-rejecting isograft hearts (lower panels), there was no significant persistence of myocardial contrast enhancement after injection of either microbubble species. B. Histology of myocardium showing inflammatory infiltrate and ICAM1 (brown) on hematoxylin and eosin and immunohistochemical staining, respectively, in rejecting allograft (upper panels); this was not seen in control isograft myocardium (lower panels). Reprinted with permission from Ref 43. 
